The microstructure evolution (crystallite size and microstrain) as well as the residual stress of Cu thin films of various thicknesses (250 nm, 500 nm and 1 ìm) on passivated Si substrates during isochronal annealing was investigated by in-situ X-ray diffraction measurements in the temperature range between 25°C and 250°C.
INTRODUCTION
Thin films have been the focus of numerous investigations due to their peculiar properties with respect to bulk materials (fundamental scientific importance) and their importance in e.g. the microelectronics industry (technological importance) (cf. for example Refs. [1] [2] [3] ). They can exhibit very high residual, internal stresses arising from the film growth and/or external perturbations. Various investigations have been devoted to the study of such residual stresses and their impact on the (mechanical) properties of layered structures [2] [3] [4] [5] . Understanding the interrelation of grain growth and residual stresses in thin films is of cardinal importance to optimize the microstructure and the associated mechanical properties; yet, corresponding systematic experimental studies are rare.
The investigation of nanocrystalline thin films can provide clues for open questions about grain-growth processes in such materials. Two contrasting experimental observations regarding the difference of grain growth in bulk (coarse-grained) and nanocrystalline materials are: (i) Self-annealing phenomena reported for Cu and Ag thin films indicate that grain coarsening can start even at room temperature where no grain growth is expected according to literature data for bulk materials [6, 7] . (ii) Grain growth is hindered (in other words, the fine-grained microstructure is more stable) for nanocrystalline materials as compared to coarse-grained materials due to relatively large amounts of triple and quadruple junctions, which have a considerably lower mobility than the boundary itself [8, 9] and/or due to a vacancy-annihilation induced slowdown of grain growth in an initial stage [10] .
In this work, variations in the microstructure and level of residual stress of Cu thin films of various thickness, heated from 25 °C to 250 °C, are reported. The data allow a comparison of the grain-growth kinetics of nanocrystalline thin films and of coarse-grained bulk materials.
EXPERIMENTAL
Cu thin films of varying thickness (250 nm, 500 nm and 1 ìm) were deposited at room temperature on Si (100) wafers, covered with thin amorphous SiO 2 and Si 3 N 4 diffusion barrier layers (each 50 nm thick), by direct-current magnetron sputtering under ultra high vacuum conditions (base pressure about 110 -10 mbar) employing Ar (at 210 -4 mbar) as a sputter gas.
The as-deposited layers were mounted in a heating/cooling chamber for X-ray diffraction investigations (Anton Paar DCS350; for details, see Ref. [11] ) attached to the Eulerian cradle of a Bruker D8 Discover parallel-beam diffractometer equipped with a rotating-anode Cu K X-ray source (Bruker TXS), a collimating X-ray mirror (Xenocs) and a scintillation counter.
Calibration of the temperature was performed by a resistance thermometry method, which has been described in Ref. [11] . The specimens were cooled from room temperature (25 °C) to -100 °C, applying temperature steps of 25°C, and heated back to 25°C, also applying temperature steps of 25°C, in order to trace the thermoelastic behaviour in the absence of thermally activated processes, occurring (at and) above room temperature, as grain growth and defect annihilation. Subsequently, the specimens were heated from 25°C to 250°C again applying temperature steps of 25°C. Residual stresses (i.e. in-plane, biaxial and rotationally symmetric, characterized by the symbol //  ) were measured at every temperature step employing the crystallite group method (CGM) making use of the 111 reflection of the metal thin film [12] . The CGM, allowing direct use of the intrinsic single crystal elastic constants (SEC; [13] ), was preferred over the traditional 2 sin  -analysis ( is the angle between the diffraction vector and the specimen surface normal) involving X-ray elastic constants, as the Cu layers had a strong and sharp {111} fibre texture [12] .
The diffraction-angle ( 2 ) range employed to record the 111 reflections of the Cu layers was 42°-45°. For every temperature step, diffraction patterns were recorded at two tilt angles, 0    and 70.5    . The time required for one stress measurement was about 22 minutes.
A waiting time of 5 minutes was adopted upon arriving at the temperature of each temperature step in order to guarantee temperature homogenisation.
Pearson VII functions were fitted to each reflection by using the software Profit 1.0 from Philips in order to determine peak parameters such as peak-maximum position, shape parameter, integral breadth, Voigt parameter and peak-asymmetry parameter [14] .
Changes of crystallite size and microstrain during the heat treatment were monitored by 
RESULTS
The stress evolution during heating a 250 nm Cu thick thin film from 25 °C to 250 °C has been shown in Figure 1 (a) together with the extrapolation of the thermoelastic behaviour, determined below ambient temperature, to temperatures above room temperature (cf. Section
Experimental; solid line in Figure 1(a) ). The main features of the data obtained for the other films (thicknesses of 500 nm and 1 m) are similar. The stress contributions due to the processes changing the microstructure above room temperature, such as grain growth and annihilation of crystal defects, and due to stress relaxation (plastic accommodation of strain)
can then be obtained as the difference of the experimentally observed stress at a temperature above 25 °C and the stress obtained by extrapolation of the thermoelastic behaviour below room temperature to the considered temperature above room temperature [18] . Evidently, tensile stress contributions due to grain growth and annihilation of crystal defects and/or plastic accommodation of strain cause a pronounced stress evolution varying non-linearly above room temperature: the deviation from the thermoelastic extrapolation starts already slightly above room temperature, but the most pronounced deviation from purely thermoelastic behaviour occurs above 100°C.
The evolution of the integrated intensity of the Cu 111 reflection at 0    as a function of temperature is shown in Figure 1(b) : The integrated intensity increases sharply above 100°C.
This result implies that the grains oriented with their {111} planes parallel to the surface grow at the expense of differently oriented grains. The temperature at about which this prominent increase occurs coincides with the temperature at about which the large tensile stress contribution mentioned above appears (cf. Figure 1 The above results suggest that the development of the tensile stress contribution upon heating above 100°C is related to grain growth due to annihilation of the excess volume in grain boundaries [18] .
DISCUSSION
For all three layer thicknesses investigated, the onset of grain growth occurs at about 100°C.
Recognising that the crystallite sizes in the as-deposited condition are of the same order of magnitude, it is suggested that the size of the nanocrystalline grains in the layers determines the onset temperature of distinct grain growth.
Grain growth at low homologous temperatures has been reported for electrodeposited Cu and temperature) [6, 7] . In the present work, the onset of grain growth occurs at a homologous temperature of about 0.28 T M .
The grain-boundary migration velocity is proportional to the grain-boundary mobility and the driving force (for small driving force [19] ). Extrapolation of literature data for grain-boundary migration velocity in coarse-grained materials (where grain-boundary migration is due to grain-boundary curvature as driving force; see Fig. 3 ) indicates that grain growth at such low homologous temperatures would not be expected in the nanocrystalline thin films of this work if grain-boundary curvature would be the only driving force: For an average grain size of about 100 nm, a grain-growth rate of about 10 -5 nm/s would be expected on the basis of the data gathered in Fig. 3 (taking the curvature, proportional to the driving force, as about three orders of magnitude larger than for the coarse-grained specimens pertaining to the data in Figure 3 ), which is much too low to explain the observed grain-growth rates for the present nanocrystalline thin films. Hence, the observation of grain growth at homologous temperatures as low as 0.28 T M suggests that either further driving forces operate or that the grain-boundary mobility is much larger than for coarse-grained materials.
(i) Other driving forces
In thin films, surface-and interface-energy minimisation as well as strain-energy minimisation may contribute to the driving force for grain growth (Refs. [21, 22] ). In the present case, the preferred growth of grains with {111}-planes oriented parallel to the (ii) Higher grain-boundary mobility It has been found experimentally that the values for the excess volume per grain-boundary area in sputter-deposited metal thin films, investigated in a temperature range between ambient temperature and about 250° [18] , exceeds considerably corresponding values obtained from measurements at higher temperatures (by about one order of magnitude) [8] .
This finding suggests that the grain-boundary mobility of the specimens investigated in this study may differ considerably from corresponding literature values (see also discussion in Ref. [23] ).
CONCLUSIONS
Grain growth in sputter-deposited Cu thin films with varying thickness but of comparable crystallite size starts at about 100°C. The curvature of the grain boundaries as a driving force for grain growth cannot explain the observed grain-growth rates. Grain growth is faster in these films with nanosized grains than that in coarse-grained bulk materials in the temperature range between 25 °C and 250 °C due to additional driving forces and/or enhanced grainboundary mobility.
